In vertebrates, olfactory sensory neuron (OSN) activation drives glutamatergic excitation of mitral/tufted (MT) cells and juxtaglomerular interneurons in the olfactory bulb (OB). MT cells show diverse temporal response patterns to odorant stimulation, which have been attributed largely to processing by inhibitory circuits. However, this diversity could reflect differences in the temporal dynamics of excitatory input to MT cells. Here, we imaged odorant-evoked glutamate transients onto MT cell dendrites in the OB of anesthetized and awake mice using the glutamate sensors iGluSnFR and SF-iGluSnFR, allowing us to visualize the dynamics of excitatory synaptic inputs onto MT cells in anesthetized and awake mice. We found a surprising amount of diversity in the temporal dynamics of glutamatergic input to MT cells, both within and across successive odorant inhalations. Response patterns included sustained, inhalation-linked glutamate transients; slower, tonic increases in glutamate; rapidly adapting glutamate signals, biphasic responses consisting of a transient increase followed by a decrease below baseline, and even purely suppressive responses. Simultaneous imaging of glutamate and calcium signals from MT cells in the same glomerulus, using iGluSnFR and the red-shifted calcium sensor jRGECO1a, revealed highly correlated pre-and postsynaptic signals across these different response types. Qualitatively similar diversity was seen in the dynamics of glutamatergic input to MT cells in the awake mouse. These results reveal a surprising diversity in the dynamics of excitatory input to MT cells, and suggest that the complex spatiotemporal activity patterns thought to play a critical role in coding odor information at this stage may arise largely from feedforward excitatory pathways, as opposed to being an emergent feature of inhibitory networks. These results also highlight the utility of glutamate imaging for dissecting OB circuit organization and function in vivo.
INTRODUCTION
The neural activity underlying odor perception is inherently dynamic. In vertebrates, olfactory sensory input arrives at the brain as bursts of activity driven by each inhalation, and patterns of inhalation are actively controlled by an animal as it samples its environment. At the level of the olfactory bulb (OB), olfactory sensory neurons (OSNs) expressing a single type of odorant receptor converge onto discrete glomeruli (Buck and Axel, 1991; Ressler et al., 1994) , where they make excitatory, glutamatergic synapses onto an array of targets including local, juxtaglomerular interneurons and the principal OB output neurons, mitral and tufted (MT) cells (Wachowiak and Shipley, 2006) . Odorant responses among MT cells display a rich temporal diversity in their patterns of spiking, with diverse sequences of excitation and suppression that occur with respect to a single inhalation of odorant (Shusterman et al., 2011) and across multiple inhalations, or sniffs (Buonviso et al., 2003; Díaz-Quesada et al., 2018) . There is strong evidence that olfactory information is represented both by the identity of activated MT cells as well as by their temporal dynamics (Schaefer and Margrie, 2007; Wilson et al., 2017) .
Much of the complexity in response patterns of MT cells has been attributed to processing by OB circuits -in particular, inhibitory circuits that target the apical or lateral MT cell dendrites (Schoppa and Urban, 2003; Shao et al., 2012; Geramita and Urban, 2017) . Intrinsic properties of MT cells have also been proposed to contribute to diversity in MT cell temporal responses (Padmanabhan and Urban, 2010) to odors.
However, excitatory synaptic inputs to MT cells, which occur solely on the MT cell apical tuft in a single glomerulus, may also contribute to generating temporally complex and diverse patterns of MT cell spiking. For example, OSN inputs themselves respond to odorant inhalation with a range of response latencies, and show nonlinear changes in their activation patterns as a function of odorant concentration, sampling time and sampling frequency (Verhagen et al., 2007; Wachowiak and Cohen, 2001; McGann et al., 2005) . Additional diversity in excitatory synaptic input to MT cells can arise from external tufted (ET) cells, a glutamatergic juxtaglomerular interneuron that is a major source of excitatory drive to MT cells (Gire et al., 2012) . ET cells respond to OSN input with longer-duration spike bursts and are predicted to entrain their bursting to the sniff rhythm during repeated odor sampling (Hayar, 2004) . ET cells constitute a control point by which inhibitory circuits can regulate MT cell excitation by gating ET cell activation (Banerjee et al., 2015; Gire and Schoppa, 2009 ). Thus, diversity in the strength and dynamics of glutamatergic input to MT cells, in addition to inhibitory inputs, may be a major contributor to the dynamics of MT cell spiking that are thought to be important in encoding odor information. However, the contribution of glutamatergic input dynamics to MT cell odorant response patterns in vivo remains poorly understood.
Here, to characterize the dynamics of glutamatergic input to MT cells, we imaged odorant-evoked and inhalation-linked glutamate signals in glomeruli of the mouse OB using the genetically-encoded glutamate sensor iGluSnFR and its second-generation variants (Marvin et al., 2013; Marvin et al., 2018) , expressed selectively in MT cells.
iGluSnFR and the SF-iGluSnFRs reported glutamate signals that were confined to the glomerular neuropil and MT cell lateral dendrites, where MT cells release glutamate.
Glomerular glutamate transients were tightly coupled to inhalation and reported inhalation-linked dynamics with high signal-to-noise ratio and a higher temporal fidelity than calcium-sensitive reporters, allowing monitoring of glutamatergic signaling across the dorsal OB on a single-trial basis and in the awake mouse. We also directly compared pre-and postsynaptic excitation of MT cells using simultaneous, dual-color imaging of glutamate and calcium signals from MT cells in the same glomerulus.
Overall, we observed a surprising diversity in the temporal dynamics of glutamatergic input to MT cells over time scales involving a single inhalation and across multiple inhalations of odorant. We found a surprisingly high correspondence between the dynamics of glutamatergic input and of MT cell output. Our results reveal remarkable diversity in the dynamics of excitatory input to MT cells and suggest that the complex spatiotemporal activity patterns thought to play a critical role in coding odor information at this stage may arise largely from feedforward excitatory pathways. Our results also highlight the utility of glutamate imaging for dissecting OB circuit organization and function in vivo.
METHODS AND MATERIALS

Animals
Experiments were performed on both male and female transgenic mice expressing Cre recombinase (Cre) in defined neural populations with single or dual viral expression of the optical indicator of interest. Mouse strains used were: PCdh21-Cre (Tg(Pcdh21-cre)BYoko) (Nagai et al., 2005) , MMRRC Stock #030952-UCD; and Tbet-Cre (Tg(Tbx21-cre)1Dlc) (Haddad et al., 2013; Grobman et al., 2018) , Jax Stock # 024507. Mice ranged from 3-8 months in age. Mice were housed up to 4/cage and kept on a 12/12 h light/dark cycle with food and water available ad libitum. All procedures were carried out following the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the University of Utah Institutional Animal Care and Use Committee.
Viral vector expression
Viral vectors driving Cre-dependent expression of iGluSnFR and jRGECO1a (Marvin et al., 2013; Chen et al., 2013; Dana et al., 2016) were obtained from the University of Pennsylvania Vector Core (AAV1 or 5 serotype). SF-iGluSnFR variants were obtained from either HHMI Janelia Campus (A148V & A184S) or Addgene Vector Cores (S72A) (Marvin et al., 2018) . All vectors drove expression of each indicator under a human Synapsin (hSyn) promoter in a Cre-dependent manner. Each vector was injected into either the mitral cell layer (MCL) or the deep external plexiform layer (EPL) of the olfactory bulb (OB). For injection, mice were anesthetized with isoflurane (0.5-3%), placed in a stereotaxic headholder and a circular craniotomy was made over the injection site. Injections in the dorsal olfactory bulb were performed using glass pipettes with a diameter of 0.015 mm at the tip, and lowered to a depth of 350-400 μm (in Pcdh21-Cre mice) or 250-300 μm (in Tbet-Cre). For coinjection of jRGECO1a and iGluSnFR, both viruses were diluted 1:10 and injected in separate pipettes within the same craniotomy. After the initial injection, mice were given carprofen (Rimadyl, S.C., 5 mg/kg; Pfizer) as an analgesic and enrofloxacin (Baytril, I.M., 3 mg/kg; Bayer), as an antibiotic immediately before and 24 hours after surgery. Mice were singly housed after surgery on ventilated racks and used 21-35 days after virus injection for iGluSnFR or SF-iGluSnFR imaging and 21-28 days for SF-iGluSnFR/jRGECO1a imaging.
In vivo two photon imaging
For anesthetized imaging experiments, mice were initially anesthetized with pentobarbital (50 -90 mg/kg) then maintained under isoflurane (0.5 -1% in O2) for data collection. Recordings began 2-3 hours after the start of the preparation. Body temperature and heart rate were maintained at 37 ºC and ~ 400 beats per minute. Mice were double tracheotomized and isoflurane was delivered directly to the lungs via the tracheotomy tube without contaminating the nasal cavity (Eiting and Wachowiak, 2018) .
Animals were secured through an omega headbar affixed to the skull, then placed on a custom head-mount device and fastened into place as described in previous publications (Wachowiak and Cohen, 2001; Bozza et al., 2004; Spors et al., 2006) . Two-photon imaging occurred after thinning and removal of the bone and dura overlying the dorsal olfactory bulb.
Imaging was carried out with a two-photon microscope (MOM; Sutter Instruments) coupled to a pulsed Ti:Sapphire laser (Mai Tai HP; Spectra-Physics, or Chameleon Ultra; Coherent) at 920-940 nm and controlled by either Scanimage 3.9, 5.1 (Pologruto et al., 2003) or Scanbox Yeti 4.0. In these experiments, imaging was performed through a 16X 0.8 N.A. (Nikon) objective and emitted light was collected by multialkali photomultiplier tubes (Hamamatsu R6357, GaAsP H7422). Fluorescence images were acquired at 15.16/15.5 Hz (resonance scanning) for glomerular level imaging with Scanimage or Scanbox instruments respectively. For S72A imaging, bidirectional scanning at 30Hz was utilized to capture faster responses. For dual-color imaging, simultaneous excitation of both fluorophores occurred through a 940nm (Mai Tai HP; Spectra Physics) and 1070nm (Fidelity-2 Ultrafast; Coherent) laser. Dual-color emission was collected through two filters optimized for eGFP (LP 520/65) and TxRed (LP 610/75).
Odorant stimulation
For most experiments, odorants were presented as dilutions from saturated vapor (s.v.) in cleaned, desiccated air using a custom olfactometer under computer control, as described previously (Bozza et al., 2004; Verhagen et al., 2007) . Odorants were presented across durations ranging from 2-8 seconds. Filtered, Ultra Zero air was passed across the nostrils in between trials to avoid contribution from extraneous odorants in the environment. All odorants were 95 -99% purity from Sigma ( (Burton et al., 2019) . For this preparation, 20μL of each odorant was pipetted in 12 separate mixer tips per odor bank and all tips were oriented in order to ensure proper flow into eductor nozzle and optimally mix within the carrier stream (Burton et al., 2019) . The carrier stream maintained a constant 5L/min flow rate, and each solenoid valve for individual odorants was actuated at 30 psi. The olfactometer was placed approximately 8 cm away from the nose.
Analysis of Temporal Dynamics
Image analysis was performed through custom scripts written in MATLAB (Mathworks). For figure display, odor response maps were displayed using ΔF values rather than ΔF/F to minimize noise from nonfluorescence regions. In all quantitative analysis ΔF/F was calculated as
= −
Where is equal to the 95% of the maximum response during the odorant onset and is the mean of the baseline response 1-2 sec prior to odorant onset. Activity maps were scaled as indicated in the figure and were kept to their original resolution (512 x 512) and smoothed using a Gaussian kernel with a SD of 1 pixel.
For time-series analysis, regions of interest (ROIs) were initially chosen based on the mean fluorescence image of iGluSnFR expression in the glomerular neuropil and were further refined based on odorant response maps. All ROIs that were excited or suppressed by the "blank" (control) odor were excluded from analysis. For analysis of odorant-evoked dynamics over several seconds, responses to 3 -8 presentations of odorant were averaged before analysis.
For analysis of inhalation-linked dynamics, inhalation-triggered (ITA) responses were generated by averaging each inhalation (delivered at 0.25 Hz) over a 70 sec odorant presentation (17 inhalations in total). Onset latency was calculated as the first time point in which the following 4 frames of an ITA trace were above the threshold for a significant excitatory response, which we defined as 4 SD above the fluorescence signal from a 1 s pre-stimulus window. To calculate decay time-constants ( Figure 1 ), a single exponential was fitted from the peak of the ITA trace and extending to the end of the trace. Peak response amplitudes and time-to-peak values were calculated from filtered ITAs as the maximum of the response. From this trace, response duration (full-width at half-maximum) was calculated as the time from 50% of peak response on the rising slope of the signal to 50% of peak on the decaying slope of the signal.
Decorrelation Analysis
Time series data for two experiments spanning five total fields of view was averaged across 3-trials per odorant, low-pass filtered at 2 Hz, z-score normalized using 2 secs prior to odor stimulation as baseline, and grouped into five time bins, representing 0.386 seconds per bin. The first 10 time bins (150 msec) were omitted to account for delays in odorant onset. Calcium signals for all ROIs (significant and nonsignificant) were averaged for every odorant within each of the five time bins. Pearson's correlation coefficient (r) was calculated between the population of ROIs in a field of view within the first time bin against the ROIs within every subsequent bin, producing "decorrelation" (i.e. correlation to early) values. We also calculated an overall correlation time series by computing the mean and SE for all 115 ROIs together.
Concentration Analysis
Significant responses were sorted by categorizing each glomerulus-odor pair at the lowest odor concentration. We then calculated T2-T1/Tmax (Fig. 4) as the difference in amplitude between the peak ΔF following the first (T1) and the second-to-last (T2) sniff divided by the maximum of the overall trace during the 4 second odor presentation.
Coherence relative to the 2Hz artificial inhalation was defined as:
Where Pxx(f) and Pyy(f) is the magnitude-squared coherence of the power spectral densities (taken from 2Hz inhalation rates) and the cross power spectral density, Pxy(f) of x and y.
Single and Two-Color Novel Olfactometer Analysis
Response patterns across a 24-odorant panel (i.e., Figure 3 , Figure 5 ) were scored as excitatory, suppressive or biphasic based on deviation from the prestimulation baseline using the following criteria. For single color imaging, odorant responses were averaged across 3 odorant presentations (trials); and for two-color imaging data used 4-trial averages. To identify and categorize responses as having significant excitatory or suppressive components, average responses were low-pass Gaussian filtered at 2 Hz (to test for excitatory responses) or 0.5 Hz (for suppressive responses) and z-score standardized using a baseline from 2 to 0.5 sec prior to odorant onset, with z defined as the SD of the baseline period concatenated for all 24 odorant responses. Peak excitation was measured as 95% of the maximum signal during the 3or 4-second odorant presentation; suppressive responses were measured as the 25 th percentile of all values in a time-window from odorant onset to 500 msec after odorant offset, to account for the slower dynamics of suppression and the low-pass filtering of the signal. We then used a conservative criterion for significance of z = 7 (7 SD) for defining significant excitatory or suppressive responses. This cutoff was chosen to yield a false positive rate of approximately 1% (based on visual inspection of traces).
To correlate iGluSnFR and jRGECo1a signals in the dual-color imaging experiments, Pearson's correlation coefficients (r) were calculated from each average odor response, over a time-window from 2 sec before to 10 sec after odor presentation.
Histology
Following an experiment, mice were euthanized and transcardially perfused with 1x phosphate buffered saline (PBS) and 4% paraformaldehyde (PFA). After decapitation, the entire brain with the olfactory bulbs was excised and placed into a solution of equal parts 4% PFA and 1x PBS overnight. Post-experimental tissue was cut coronally into 200μm thick sections on a vibratome (Leica) to verify expression of the indicator across the olfactory bulb.
Awake Imaging
Adult Tbet-cre mice for awake experiments were surgically implanted with an aluminum headbar centered over lambda, as described previously (Burton et al., 2019) .
Next, a craniotomy over the left OB was performed, and 500-750nL of AAV2.5.hSyn.SF-iGluSnFR.A184V.WPRE was injected 250μm deep into the bulb at a rate of 100μL/min using a glass pipette. The injection pipette was held in place for 10 minutes post injection. During this time, the surface of the bulb was kept wet with sterile saline. After removing the injection needle, a double coverslip was installed over the craniotomized bulb, and affixed into place using dental cement (Teets). Agarose (2%, low-melting point) was used to fill in the interstitial spaces. The double coverslip was created as a combination of two pieces of custom-cut glass (Matsunami Glass, Bellingham, WA), glued together with UV-cured glass glue (Norland Optical Adhesive, No. 61). The inner glass was a round, 1.5 mm-diameter piece, affixed to a larger, 2.7 or 3.0 mm-diameter piece. This larger, outer piece rested on the margins of the craniotomy, while the inner piece formed a tight seal with the dura. Animals were allowed to recover for a minimum of two days post-surgery.
Mice were acclimated to the imaging rig for one 30-minute session the day prior to imaging. Imaging sessions lasted from 30-60 minutes per day, over the course of several days. The behavior and imaging apparatus has been described previously (Economo et al., 2016; Burton et al., 2019) . Briefly, mice were affixed in place over a styrofoam ball, floating on an air cushion. Mice were naïve to the odors at their first imaging session. Imaging was carried out on glomerular neuropil under 2-photon microscopy at 940 nm wavelength (Scanbox Yeti 4.0). Odors were presented as in our anesthetized experiments. Odor pulse duration was 4 seconds, followed by 20 second inter-trial intervals. Respiration (sniff) signals were collected by placing a highly sensitive pressure probe (First Sensor, AG, Berlin, Germany, part no. FBAM200DU) in front of the animal's right nostril (Jordan et al., 2018) . At least 8 trials per odorant per session were collected. Occasionally, a brief (100 msec) air puff, directed at the lower back of the animal, was used to stimulate high frequency sniffing.
RESULTS
Imaging glutamate signaling across mitral/tufted cell dendrites
We first performed a basic characterization of sensory-evoked glutamate signals reported by iGluSnFR (Marvin et al., 2013) and its second-generation variants, which have a range of affinities for glutamate (Marvin et al., 2018) . iGluSnFR expression was targeted to MT cells using Cre-dependent viral vectors injected into the olfactory bulb of Pcd-Cre or Tbet-Cre transgenic mice. All iGluSnFR variants showed expression that appeared enriched on the membrane surface ( Figure 1A , bottom) and which spanned all cellular compartments ( Figure 1A , top). When imaged in vivo with two-photon laser scanning microscopy, resting fluorescence showed clearly-delineated glomeruli, as expected from expression across MT cell apical dendrites ( Figure 1B) .
We have previously shown, using the first-generation iGluSnFR, that each inhalation of odorant drives a transient of glutamate release onto juxtaglomerular interneuron processes in the glomerular neuropil (Brunert et al., 2016) . We observed similar glutamate signals with iGluSnFRs expressed in MT cells ( Figure 1B S72A: n=16, A184V: n=91, A184S: n=370) varied according to SF-iGluSnFR affinity, ranging from 117 msec for S72A, 162 msec for A184V and 297 msec for A184S ( Figure   1C ). However, across all glomerulus-odor pairs, decay times varied for different glomerulus-odor combinations and the range of decay times overlapped across the three variants ( Figure 1C , bottom right). In some cases, inhalation-linked response transients were more complex than a simple fast rise and exponential decay, for example including a 'shoulder' component resulting in a longer-duration glutamate signal (not shown). Overall these results suggest, at least for the medium and highaffinity SF-iGluSnFRs, that variation in the dynamics of the iGluSnFR signal imaged from MT cell apical tufts is largely indicative of the variable dynamics of glutamate signaling in the glomerulus, as opposed to intrinsic kinetic differences of the reporter.
The apical dendritic tuft within the glomerulus is the only reported site of glutamatergic input onto MT cells (Schoppa and Urban, 2003) ; however, MT cells are known to also release glutamate from dendrodendritic synapses on their apical tuft and lateral dendrites (Isaacson, 1999; Isaacson and Strowbridge, 1998) . To assess glutamate signaling across the MT cell dendritic field, we used the high-affinity A184S variant and imaged at high zoom from the apical tuft, primary dendrite, and lateral dendrites. In the superficial OB, odorant-evoked glutamate signals were restricted to MT cell apical tufts throughout the neuropil of responsive glomeruli ( Figure 1D ). While SF-iGluSnFR expression was apparent along the length of the MT cell apical dendrite as it entered a glomerulus, evoked glutamate signals were confined to the dendritic tuft within the glomerulus ( Figure 1D, 1E ). Likewise, glutamate signals were absent from MT cell somata ( Figure 1D, 1E ).
Using A184S to image from the external plexiform layer (EPL), odorant stimulation elicited smaller-magnitude glutamate signals along MT cell lateral dendrites, with different odorants evoking signals in different subsets of lateral dendrites ( Figure   1F ). Since MT cells are not thought to receive glutamatergic input via their lateral dendrites (Margrie et al., 2001) , we interpret these signals as reflecting glutamate release from the same cells on which the reporter is expressed. Glutamate signals appeared continuous along the length of a lateral dendrite, although we did not attempt to image at a high enough zoom to resolve potentially localized release sites, and spines are not present on MT cell lateral dendrites. Some dendrites appeared to show weak odorant-evoked fluorescence decreases, suggesting a decrease in ongoing release associated with odorant stimulation ( Figure 1F , ROIs 3&4, right). Taken together, these data indicate that SF-iGluSnFRs report glutamatergic input onto MT cell apical dendrites with high fidelity, and can also report glutamate release from MT cell lateral dendrites at a substantial distance from the MT soma.
Diverse temporal patterns of glutamatergic signaling across multiple time scales
The timing of odorant-and inhalation-evoked MT cell spiking varies across MT cells and across odorants, and has long been hypothesized to play a role in coding odor information (Shusterman et al., 2011; Díaz-Quesada et al., 2018; Carey and Wachowiak, 2011; Wachowiak, 2011) . To assess the degree to which such variability is present at the level of glutamatergic input onto MT cells, we analyzed inhalation-linked onset dynamics of the iGluSnFR signal for all glomerulus-odor pairs. We first analyzed inhalation-triggered average response waveforms (ITAs), derived from low-frequency (0.25 Hz) inhalations imaged with SF-iGluSnFR.A184S and A184V (Short and Wachowiak, 2019; Díaz-Quesada et al., 2018) . While odorants evoked distinct combinatorial patterns of glutamate signals across glomeruli, as expected (Figure 2A ), they also elicited inhalation-triggered dynamics that varied substantially across glomeruli and odorants ( Figure 2B ). Glomeruli activated by the same odorant could
show ITA waveforms with different onset latencies, rise-times, and durations, and the same glomerulus could show distinct ITA dynamics for different odorants ( Figure 2B ).
Across all glomeruli imaged with A184S (n = 431 G-O Pairs, 5 mice), ITA onset latencies (10 th /90 th percentiles) ranged from 113-253 msec, and time to peak ranged from 300 msec-533 msec ( Figure 2C ), with durations ranging from 360 msec-867 msec ( Figure 2C ). Notably, inhalation also could elicit fluorescence decreases in a glomerulus, suggesting a phasic decrease in ongoing glutamate release ( Figure 2B , ROI 6, although this was rare). Responses using the A184V variant were similar, with onset latencies ranging from 153-313 msec. Response durations of A184V ITA responses also showed a wide range of values, from and 260 msec -1.1 sec as well as time to peak responses ranging from 313 msec -727 msec (n = 113 G-O Pairs, 3 mice, 10 th /90 th percentiles). Thus, the dynamics of glutamatergic input onto MT cells spans a potentially wide range and can vary substantially depending on both glomerular and odorant identity.
We have previously reported similar variability in inhalation-linked dynamics of OSNs themselves, as reflected in calcium signals in their presynaptic terminals in the glomerulus (Short and Wachowiak, 2019; Spors et al., 2006) . We thus compared the variability seen in the glutamate ITA with that seen in the recently published data from
OSNs expressing the genetically-encoded reporter GCaMP6f (Short and Wachowiak, 2019) ( Figure 2D ). ITA onset latencies for OSN inputs to glomeruli were, as a population, longer than those for iGluSnFR (mean ± SD: OSN-GCaMP: 0.268±0.1 sec, MTC-A184S: 0.188±0.06 sec), reflecting the slower response time of GCaMP6f compared to iGluSnFR. However, the variability in ITA latencies was similar for these two signals, with overlapping onset latencies across the two populations after subtracting the median latency for each (10 th /90 th percentiles: OSN-GCaMP6f: -0.08/0.13 sec, MTC-A184S: -0.07/0.067 sec). These results suggest that variability in the onset times of glutamate transients onto MT cell after each inhalation largely reflect variability in the timing of spike bursts arriving at OSN presynaptic terminals.
Diversity of glutamatergic signaling across multiple sniffs.
To more fully investigate the temporal diversity in patterns of glutamate signaling onto MT cells, we imaged responses across the dorsal OB to 23 odorants, using our recently published olfactometer design (Burton et al., 2019) . Odorants were presented for 2 seconds each using an artificial inhalation rate of 3 Hz, and delivered at relatively Figure 3D ).
We observed considerable diversity in the temporal patterns of odorant-evoked glutamate signals ( Figure 3B ). Patterns were robust, occurring consistently over repeated presentations (not shown). The most common response pattern consisted of a simple increase that was sustained over the 2-second presentation and returned rapidly to baseline at the end of presentation ( Figure 3C , e.g., Isopropyl tiglate). However, other excitatory response patterns were common, including transient increases occurring immediately after odorant onset and not following any subsequent sniff, prolonged increases that returned slowly to baseline after odorant offset, and slow rises in glutamate over the 2-second presentation ( Figure 3C , e.g., Hexanoic acid). Notably, odorants could also evoke responses with a strong suppressive component; these included biphasic (excitatory and suppressed) responses consisting of a brief increase in glutamate followed by a sustained decrease below baseline (seen in 3.4% (20/588) of significant responses) as well as responses consisting solely of fluorescence decreases (seen in 7.1% (42/588) of significant responses) ( Figure 3D ). Response patterns varied for different glomeruli activated by the same odorant and for responses of the same glomerulus to different odorants ( Figure 3C , yellow trace, ROI 3), indicating that response patterns were neither a function of iGluSnFR expression levels in a particular glomerulus nor a function of any particular odorant.
One consequence of this diversity was that the relative magnitude of glutamatergic signaling in different glomeruli-and thus the glomerular representation of an odorant-could vary over the 2-second odor presentation. To quantify this, we correlated patterns of glutamate signals across the imaged glomeruli in a field of view at each 386 msec time bin, starting 150 ms after odorant onset. Among all glomerulusodor pairs, there was a substantial decrease in correlation beginning in the second bin (mean r ± SEM, time bin 2: 0.55 ± 0.32) to the last bin (time bin 5: 0.43 ± 0.38), although the degree of decorrelation varied greatly across glomerulus-odor pairs, with correlation coefficients at the end of the 2 sec presentation ranging from -0.54 to 0.98 ( Figure 3E ).
For example, as seen in Figure 3C (insets), responses to some odorants decorrelated substantially after the initial response ( Figure 3C To address this, we investigated the effect of odorant concentration by presenting a smaller number of odorants (3 -5 per experiment, n = 4 mice) at 3 concentrations spanning a 10-fold range, using first-generation iGluSnFR (Marvin et al., 2013) .
Changing concentration could dramatically alter the dynamics of the glutamate response over the time of a 4-second odorant presentation ( Figure 4A ). In many glomerulus-odor pairs, odorants evoked consistent inhalation-driven transients throughout odorant presentation at the lowest (1x) concentration, which changed to highly adapting responses at higher concentrations, with a strong reduction in glutamate levels from the beginning to end of presentation ( Figure 4A , e.g., methyl valerate, ethyl tiglate). In other glomeruli (even for the same odorants), increasing concentration appeared to recruit glutamate signals with repeated inhalations over the course of the presentation; this often included an increase in the tonic component of the glutamate signal ( Figure 4A ). Other glomerulus-odor pairs showed little adaptation and little effect of concentration ( Figure 4A , e.g., 2-hexanone).
To quantify these changes along a particular dimension of response pattern, we calculated T2-T1/Tmax ( Figure 4B A second effect of increasing odorant concentration was a reduction in the degree to which glutamate signaling was modulated by each inhalation, with many glomeruli showing a loss of inhalation-linked transients, being replaced by a tonic glutamate signal ( Figure 4D, 4E) . We quantified this effect by measuring the coherence of the iGluSnFR signal relative to a simulated 2Hz inhalation pulse (see Methods).
Across all glomerulus-odorant pairs, coherence with inhalation decreased with increasing concentration ( Figure 4C ) (mean ± SD, 1x: 0.86 ± 0.16, 3x: 0.75 ± 0.28, 10x:
0.56 ± 0.32). Notably, however, this effect varied depending on the odorant used (F1,188 = 4, p = 0.004, one-way ANOVA) ( Figure 4D) , with glomeruli responsive to the ketone 2hexanone showing little loss of inhalation-linked coherence as concentration increased while glomeruli responsive to the other tested odorants (3 esters and one tiglate) showed a loss of coherence ( Figure 4C ). These odorant-specific differences may reflect differences in the kinetics of odorant sorption or clearance from the nasal epithelium,
although further experiments are necessary to resolve this question. Overall, these results indicate that odorant concentration has systematic impacts on the dynamics of glutamatergic signaling onto MT cells, with a general (but slight) increase in adaptation and a substantial decrease in inhalation coupling as odorant concentration increases.
Correspondence between glutamatergic dynamics and postsynaptic activity in MT cell
While glutamatergic signaling in the glomerulus is the sole source of excitatory input to MT cells, multiple inhibitory circuits are thought to shape patterns of MT cell excitation via feedforward, recurrent and lateral inhibition (Burton, 2017) . Because MT cell spikes back-propagate along the MT cell apical dendrite and invade the apical tuft (Djurisic et al., 2008) , calcium imaging from the tuft provides a good proxy for patterns of MT cell spike output from each glomerulus (Economo et al., 2016; Charpak et al., 2001) . Thus, we reasoned that comparing glutamate signals onto MT cells with calcium signals in MT cell apical dendrites of the same glomerulus would provide insights into the relative contributions of excitatory versus inhibitory inputs to MT cell response patterns.
To achieve this, we simultaneously imaged glutamate and calcium signals in MT cells of the same glomeruli by co-expressing SF-iGluSnFR.A184S and the red calcium reporter jRGECO1a (Dana et al., 2016) in MT cells (see Methods) ( Figure 5A ). Postexperimental histology confirmed that both indicators expressed well in the cytoplasm and membrane of MT cells ( Figure 5A ) We first characterized responses to a few odorants per preparation, comparing response dynamics at 1Hz inhalation rates and comparing the distribution of signals within a glomerulus. As expected, jRGECO1a signals were apparent both in an activated glomerulus as well as in the apical dendrites of the MT cell innervating it, while iGluSnFR signals did not extend beyond the glomerulus boundaries ( Figure 5B) . At low inhalation frequency (0.25 Hz), odorantevoked ITA waveforms were similar for iGluSnFR and jRGECO, with jRGECO signals lagging iGluSnFR signals, as expected given the slower on-and off kinetics for jRGECO (Dana et al., 2016) (not shown). At inhalation frequencies of greater than 1 Hz, however, jRGECO signals showed less modulation by each inhalation (e.g., Figure 5E ).
To compare the diversity of response patterns seen in these two signals, we performed dual-color imaging using the same 24 odorant panel as for the single-color imaging (in 5 fields of view from 3 mice) but using 4-second rather than 2-second presentations ( Figure 5C-E) . We saw the same diverse range of response patterns in these experiments as in the single-color experiments, including sustained, rapidly adapting, facilitating and suppressive components ( Figure 5D, 5E ). Overall, there was a surprising degree of correspondence in response patterns of the two signals ( Figure 5D , 5E). Rare cases of lack of correspondence between glutamate and calcium signals are shown for glomerulus 2 in Figure 5D , where 4 of the 11 odorants elicit suppression in the jRGECO1a signal; in three of these cases, iGluSnFR elicits a biphasic response consisting of a brief initial increase followed by a decrease in glutamate; the initial excitatory transient is not apparent in the calcium signal.
We quantified the correspondence between iGluSnFR and jRGECO response patterns first by computing correlation coefficients between the two signals for each glomerulus-odor pair tested (see Methods). In general, correlation coefficients were high: for all glomerulus-odor pairs showing a significant response (defined conservatively as ± 7 SD above pre-odor noise) in at least one of the signals (n = 526 G-O Pairs, 3 mice), the mean correlation (Pearson's r ) was 0.80 ± 0.18 (SD).
Correlations across all glomerulus-odor pairs (n = 3,788 pairs from 3 mice), including those that did not meet our conservative criterion for a significant response, were variable but also relatively high, with a mean correlation of r = 0.45 ± 0.26. We also examined the concordance between excitatory response types reflected in the two signals. There was strong concordance in glomeruli showing simple excitatory responses as measured with iGluSnFR and jRGECO: 70% (244/350) of glomerulusodor pairs with an excitatory iGluSnFR signal also showed a significant jRGECO response, and 79% (244/309) of glomeruli with significant jRGECO increases showed excitatory iGluSnFR signals.
Comparing concordance (or lack thereof) between pre-and postsynaptic signals among suppressive responses is especially informative, as this could reveal differential impacts of inhibitory inputs to MT cells, for example by feedforward or lateral inhibition.
Such an analysis was difficult: while responses with suppressive components were clearly apparent even on single trials (i.e., Figure 5D ), their small amplitude and the relatively few repeat trials given (3 -4 per odorant) resulted in a likely underestimation of their prevalence based on the strict significance criteria we used. Nonetheless, jRGECO responses with suppressive components were detected 3 -4 times more frequently than iGluSnFR responses, being present in 1.5% (55/3788) versus 0.4% (15/3788) of all glomerulus-odor pairs, and 15% versus 4% of all significant responses.
Notably, suppressive jRGECO responses were essentially never seen along with excitatory iGluSnFR responses (detected in 1 of 55 cases, which is approaching the false positive rate). Thus, while preliminary, these results are consistent with interglomerular inhibition suppressing MT cell spiking in a small fraction of glomeruli (Economo et al., 2016; Banerjee et al., 2015) , but are inconsistent with feedforward inhibition suppressing MT cell spiking in glomeruli receiving weak excitatory input (Cleland and Linster, 2012) .
Glomerular glutamate signaling shows diverse temporal dynamics in awake mice
Finally, to assess diversity in glutamate signaling onto MT cell during natural odor sampling, we imaged iGluSnFR signals from dorsal glomeruli in awake, head-fixed mice ( Figure 6 ). Respiration frequency for most trials ranged from 3 -6 Hz (mean ± SD, 4.5 ± 1.8 Hz), with occasional pauses and bouts of high-frequency sniffing.
Qualitatively, glutamate transients seen in awake mice showed the same diversity of response dynamics as those seen with artificial inhalation. First, there was variability in the degree of coupling of iGluSnFR signals to respiration: for the majority of responsive glomeruli, each inhalation at the 'resting' frequencies of 3 -6 Hz elicited a clear glutamate transient ( Figure 6A, 6B ). However, for other glomerulus-odorant pairs, glutamate signals were not clearly modulated by respiration but instead consisted largely of a tonic glutamate increase (not shown). Second, for glomeruli where glutamate signals were modulated by inhalation, the latency of the glutamate transient varied across glomeruli and odorants. Latency differences were consistent across repeated inhalations of odorant ( Figure 6B ). We measured inhalation-linked latencies for glomerulus-odorant pairs by constructing ITA waveforms as done with artificial inhalation, but using the external flow sensor to determine inhalation timing. Because of the higher frequency of inhalations, ITA waveforms generated from these data resembled a sine wave ( Figure 6B , lower left). As seen with artificial inhalation, glomeruli activated by some odorants showed clearly distinct ITA latencies; for example, glomeruli in the same FOV activated by ethyl butyrate showed latencies ranging from 100 -160 msec (Figure 6B, lower right) ; however, for other odorants (not shown) there was little variation in ITA latencies across all activated glomeruli, suggesting that odorant inhalation drives near-synchronous bursts of glutamatergic input to MT cells in different glomeruli.
Glutamate signals also showed diverse odorant responses over multiple inhalations. As with artificial inhalation, the evolution of responses over several seconds of odorant presentation included slow increases in tonic glutamate and adaptation of inhalation-linked and tonic glutamate signals. We also observed concentrationdependent changes in glutamate dynamics, with increasing odorant concentrations leading to stronger adaptation of glutamate signal for strongly-responsive glomeruli and recruitment of slowly-increasing responses in weakly-responsive glomeruli ( Figure 6C ).
Overall, these data indicate that the diversity in dynamics of glutamatergic inputs to MT cells that we observed with artificial inhalation in anesthetized mice is also present in awake, actively-sniffing animals.
DISCUSSION
Temporally complex patterns of excitation and inhibition are a hallmark feature of odor-evoked activity among principal cells (i.e., MT cells) of the OB. Features of this complexity include odorant-and glomerulus-specific latency differences relative to inhalation, suppressive response components, nonlinear concentration dependence, and decorrelation of glomerular odor 'representations' over multiple samples. Each of these features has been hypothesized to play an important role in coding olfactory information (Bathellier et al., 2008; Spors et al., 2006; Burton et al., 2012; Economo et al., 2016) 
Circuit mechanisms of diversity in glutamate signaling
A major source of diversity in excitatory inputs to MT cells is OSNs themselves.
OSN inputs converging on a glomerulus have long been known to respond with different latencies relative to inhalation in a glomerulus-and odor-specific manner (Spors et al., 2006; Short and Wachowiak, 2019; Carey et al., 2009 ); indeed we observed a close match in the range of response latencies for iGluSnFR signals and those measured from OSN presynaptic terminals by Short & Wachowiak (2019) (e.g., Figure 2D ).
However, we also saw variation in other aspects of inhalation-linked glutamate dynamics, most notably response duration (e.g., Figure 2B, 2C) , with the duration of the (Hallem and Carlson, 2006; Geffen et al., 2009) .
A second major source of diverse glutamate signaling onto MT cells is feedforward disynaptic excitation mediated by external tufted (ET) cells, which are thought to be a major source of glutamatergic drive throughout the glomerulus (Hayar et al., 2004; De Saint Jan et al., 2009; Najac et al., 2011) . ET cells have been hypothesized to be a primary driver of MT cell excitation (Gire et al., 2012; Vaaga and Westbrook, 2016) , although the degree to which ET cells drive MT cell excitation in vivo remains uncertain. ET cell-mediated glutamatergic drive could underlie the longerduration glutamate transients seen in our data, as well as facilitation of glutamate signals over repeated samples, as ET cells become progressively entrained to the inhalation rhythm (Hayar, 2004) . Likewise, gating of ET cell excitation by inhibitory juxtaglomerular circuits may underlie short-duration odorant-evoked glutamate transients or the suppressive components observed in a minority of responses (Liu et al., 2016) , (Gire and Schoppa, 2009 ). Numerous studies have found that inhibitory circuits regulate MT cell excitability through their inhibitory action on ET cells (Whitesell et al., 2013; Murphy et al., 2005; Liu et al., 2016; Banerjee et al., 2015) , affecting concentration-response functions and altering the tuning of MT cells to a range of odorants (Banerjee et al., 2015) . Ultimately, while the relative contributions of direct OSN inputs versus juxtaglomerular circuits to the dynamics of glutamate signaling onto MT cells is unclear, the use of iGluSnFR as a tool to monitor presynaptic inputs separately from (and simultaneously with) postsynaptic activation provides a powerful approach to dissecting these contributions in vivo.
This all-optical approach to dissecting neural circuits does, however, require consideration of caveats and technical limitations in interpreting these signals as independent measures of pre-and postsynaptic activity in the glomerular circuit. One concern is that Ca 2+ signals in the MT cell apical tuft could largely reflect subthreshold synaptic input as opposed to MT cell action potential firing that back-propagates into the tuft, which would of course lead to overestimation of the correspondence between glutamatergic input and MT cell output patterns (since one would directly drive the other). However, several lines of evidence suggest that this is unlikely to be the case.
First, previous studies suggest that back-propagating action potentials are the predominant driver of Ca 2+ signals in the MT cell apical tuft (Charpak et al., 2001; Debarbieux et al., 2003) , and over a large number of experiments we have observed a near-perfect correlation among odor-evoked Ca 2+ signals in the apical tuft, shaft, and soma (see, for example, Figure 5B ) (Economo et al., 2016) . Second, close inspection of dual-color imaging data reveals numerous cases of iGluSnFR transients that fail to drive Ca 2+ signals in the same glomerulus, especially when these transients are rapid or small-amplitude (e.g., Figure 5D ). We have also observed failure of spontaneous iGluSnFR transients to drive corresponding jRGECO signals (not shown). A second potential concern is that the iGluSnFR signal may reflect glutamate release via dendrodendritic synapses in the MT cell apical tuft (Murphy et al., 2005) , (Schoppa and Urban, 2003) and thus not accurately reflect glutamatergic input to MT cells. Dendritic release would also, of course, artificially boost correspondence between the iGluSnFR and jRGECO signals. However, iGluSnFR signals imaged from MT cell lateral dendrites (which we do interpret as reflecting dendritic release) were substantially smaller than those imaged from the apical tuft (see Figure 1E ). In addition, we have failed to observe iGluSnFR signals evoked by antidromic stimulation of MT cell axons (n = 2 mice, not shown). Thus, while additional experiments focused on these technical issues will be helpful, we believe that the high correspondence between iGluSnFR and jRGECO signals seen in MT cells largely reflects the strong contribution of feedforward excitatory signaling to the dynamics of MT cell output patterns.
Utility of SF-iGluSnFR for dissection of neural circuits
Glutamate sensors and other genetically encoded transmitter indicators have emerged as useful tools for the dissection of neural circuits (Marvin et al., 2018; Patriarchi et al., 2018; Sun et al., 2018; Liu et al., 2019) . Here, we extend these results to the olfactory system by demonstrating the utility of iGluSnFR and its secondgeneration variants to robustly report glutamate signaling onto MT cells with high signalto-noise ratios and high temporal fidelity, and in both anesthetized and awake preparations. Notably, even the lowest-affinity SF-variant, S72A, yielded easily detectable signals which to our knowledge has not thus far yielded signals in response to natural stimuli in cortex. Advantages for glutamate imaging in the OB relative to other brain areas such as cortex may be the high density of glutamatergic synapses in the glomerular neuropil, the high degree of convergence of OSNs activated nearsimultaneously within a glomerulus, and the high probability for glutamate release from the OSN presynaptic terminal (Murphy et al., 2004) .
Another important advantage of iGluSnFR is its improved kinetics relative to other genetically-encoded reporters such as GCaMPs, an advantage which has been noted in other model systems (Richter et al., 2018) . The faster onset and decay times of iGluSnFR are crucial for monitoring neural dynamics in the frequency range of respiration or sniffing in behaving mice, which ranges from approximately 2 -10 Hz.
This advantage was plainly evident in our dual-color imaging experiments, in which jRGECO1a signals showed little modulation of their signal even at 2 Hz artificial inhalation, while iGluSnFR signals imaged in the same trial were strongly modulated (e.g, Figure 5B ). In fact, we were able to observe clear glutamate transients from each inhalation in awake, head-fixed mice at sniff frequencies up to and, in some cases, exceeding 5 Hz. As demonstrated by our sniff-triggered average waveforms generated from the awake mouse (e.g., Figure 6B ), this improved temporal fidelity will be important in addressing hypotheses about determinants of the relative timing of excitatory inputs to MT cells in different glomeruli and the role of this timing in odor coding (Wilson et al., 2017) . A. Waterfall plots (left) and time-courses from select glomeruli (right) showing iGluSnFR signals in response to 3 concentrations of odorant for three different odorants. All data are from the same experiment and field of view. Only glomeruli showing significant responses at all 3 concentrations are shown. Inhalation frequency, 2 Hz; odorant duration, 4 seconds. B. Change in iGluSnFR response amplitude from beginning to end of odorant presentation (T2-T1/Tmax; see Text for details), calculated for 5 odorants tested across 3 concentrations (in 4 mice). Inset illustrates definition of the measure. C. Coherence of iGluSnFR signal to the 2Hz inahaltion frequency, measured for each concentration, for the same dataset. D. Coherence values for individual glomerulus-odorant pairs comparing the lowest (1x) and highest (10x) concentrations, and color-coded for each odorant. Note lack of reduction in coherence for 2-hexanone. 
Figure 5. Correspondence between glutamate and calcium transients in MT cells of the same glomerulus revealed by dual-color imaging.
A. Post-hoc histology highlighting jRGECO1a and SF-iGluSnFR expression in MT cells. green arrow: membrane expression of SF-iGluSnFR, magenta arrow: jRGECO1a cytoplasmic expression. B. Mean iGluSnFR (A184S) fluorescence and odorant-evoked ΔF response maps for A184S and jRGECO signals, along with traces showing the signal time-course in each channel. Odorant is isobutylthiazole. Note jRGECO signal in dendrites of several MT cells exiting the central glomerulus. Traces show responses from this glomerulus and two dendrites. C. iGluSnFR and jRGECO response maps for 4 odorants, showing high correspondence in response. Left images show mean fluorescence maps across both channels. D. Traces showing continuous dual-color recording across 11 consecutive odorant presentations, taken from two glomeruli, showing high correspondence in iGluSnFR and jRGECO signals despite diverse temporal patterns of response to different odorants. Glomerulus 2 (lower traces) shows clear suppressive components in both signals. Asterisks denote a biphasic response in glutamate signal that is not present in the calcium signal. E. Average calcium and glutamate responses across 4 presentations of 5 odorants and 3 ROIs, taken from the preparation in (C), ilustrating high correspondence in repsonse dynamics. A. Mean iGluSnFR (A184V) fluorescence and ΔF response map fromthe dorsal OB of an awake, head-fixed mouse. B. Glutamate signals taken from 3 glomeruli in a single presentation of odorant. Top trace shows respiration/sniffing as measured with an external flow sensor. Lower left shows snippet of signals from each glomerulus, illustrating temporal lag between different glomeruli and consistency of dynamics with each sniff. Signals are unfiltered. Lower right shows ITA waveforms for each glomerulus, generated across 137 sniffs over 6 trials of ethyl butyrate (see Methods for details). Vertical line indicates time of inhalation onset. C. Time-dependent decorrelation and nonlinear effect of odorant concentration on glutamate signals in the awake mouse. Traces shows signals from 3 glomeruli, averaged over 4 trials, in response to a low (1:1000 liquid dilution) and high (1:10 dilution) concentration of ethyl tiglate. Note strong adaptation apparent in ROI 1 and facilitation in ROIs 2 and 3.
